T h e ne w e ngl a nd jou r na l o f m e dicine n engl j med 369;22 nejm.org november 28, 2013 2106 C orticotropin-independent macronodular adrenal hyperplasia can lead to excess cortisol secretion and Cushing's syndrome. 1,2 Adrenocortical nodules in corticotropinindependent macronodular adrenal hyperplasia are, by definition, larger than 10 mm in diameter and frequently reach 30 to 40 mm in diameter. The condition is typically diagnosed in patients with Cushing's syndrome who are between 40 and 60 years of age and who have suppressed levels of circulating corticotropin. Tumor growth and cortisol dysregulation appear to progress slowly in cases of corticotropin-independent macronodular adrenal hyperplasia, and the diagnosis is often made only after several years or decades of disease progression. 3 Milder forms are commonly detected in patients with incidentally discovered adrenal tumors or hyperplasia. Aberrant receptor expression leading to unexpected cortisol responses to ligands that stimulate G-protein-coupled receptors has been reported. [4] [5] [6] [7] Treatment is most often surgical, but medical therapies targeting aberrant receptor expression have been effective in controlling excess cortisol in some cases. 6 The bilateral nature of adrenal tumors in corticotropin-independent macronodular adrenal hyperplasia provides support for the hypothesis of a germline genetic predisposition. Reports of familial cases suggest the involvement of germline hereditary factors in the emergence of corticotropin-independent macronodular adrenal hyperplasia. 1, [8] [9] [10] [11] The familial occurrence of the disease might be underrecognized because of the variation in disease severity. Corticotropin-independent macronodular adrenal hyperplasia has been reported in a small subgroup of patients with familial multiple tumor syndromes. 1, [11] [12] [13] In the McCuneAlbright syndrome, mosaic mutations of the gene encoding G-protein subunit α s (GNAS) have been observed in young children with bilateral adrenocortical nodules. 14 However, the vast majority of cases are not part of any known multiple tumor syndrome, and the genetic basis of this condition has not been established.
Me thods

Study Oversight
The first two authors and the last two authors vouch for the completeness and accuracy of the data and analyses. Written informed consent for the analysis of the tumor and leukocyte DNA was obtained from all patients. The study was approved by the institutional review board of Cochin Hospital.
Study Patients
A total of 33 patients (21 women and 12 men; age range, 30 to 73 years) who had undergone surgery for corticotropin-independent macronodular adrenal hyperplasia were included in the study. They had various levels of corticotropin-independent hypercortisolism and underwent computed tomographic (CT) imaging and adrenalectomy. 5, 15 The diagnosis of corticotropin-independent macronodular adrenal hyperplasia was confirmed histologically. Detailed clinical phenotypes are described in Table 1 and in Table S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org. Thirty-one patients were unrelated; 2 were siblings. The tumor samples were obtained prospectively by the Corticomedullosurrénale Tumeur Endocrine Network tumor bank. 16 
Genotyping and Sequencing
Genomic DNA was isolated as previously described from 41 adrenal nodules and 25 leukocyte samples obtained from the 33 patients. 17, 18 The DNA from 34 nodules and 18 leukocyte samples was hybridized to single-nucleotide polymorphism (SNP) arrays (Affymetrix SNP 6.0). Somatic loss of heterozygosity and copy-number variants were identified as previously described 19 (see the Methods section and Fig. S1 in the Supplementary Appendix). Loss of heterozygosity was further investigated in 7 nodules and their paired leukocytes by means of microsatellite analysis.
DNA from five adrenal nodules and their paired leukocyte samples were sequenced by Complete Genomics 20 with the use of the Cancer Sequencing Service pipeline, version 2.0.2.26. Subsequent filtering is detailed in the Methods section and Figure S2 in the Supplementary Appendix. Sanger sequencing of armadillo repeat containing 5 (ARMC5) is described in the Methods section in the Supplementary Appendix.
The transcriptomes of 10 adrenal samples from patients with corticotropin-independent macronodular adrenal hyperplasia were studied as previously described 21 (see the Methods section in the Supplementary Appendix).
Human HeLa cells and adrenocortical cancer cells (H295R) were cultured, transfected, and stimulated with forskolin as previously described. 22, 23 The small interfering RNA (siRNA) targeting ARMC5 and the control siRNA used are described in the Methods section in the Supplementary Appendix. ARMC5 expression vector containing a FLAG tag (Origen RC226267) was used for mutagenesis with Agilent Technologies kit 200521. Preparations of whole-cell or tissue lysates, Western blotting, immunohistochemical analysis, and immunofluorescence were performed as previously described 23,24 (see the Methods section in the Supplementary Appendix).
Total RNA was extracted from the cell lines, and the expression levels of target genes were determined by means of real-time polymerase chain reaction (PCR) as previously described 23 (see the Methods section in the Supplementary Appendix). Cortisol concentrations in culture medium were assayed as previously described. 15 R esult s
Genomewide genotyping and sequencing
To search for gene alterations with the potential to cause corticotropin-independent macronodular adrenal hyperplasia, we used SNP arrays for genomewide screening of chromosomal alterations in 34 tumor specimens obtained from 26 patients with corticotropin-independent macronodular adrenal hyperplasia who had undergone surgery. Recurrent somatic chromosomal alterations in nodules from the patients were rare ( Fig. S3 and Tables S2, S3 , and S4 in the Supplementary Appendix), except at 16p (Fig. 1) . A copy-neutral loss of heterozygosity was identified in 10 of 34 tumor specimens (29%) obtained from 7 of the 26 patients (27%). In addition, somatic loss of heterozygosity in 16p11. was detected with the use of microsatellite markers in 1 of 7 other patients (Table S5 in the Supplementary Appendix); thus, loss of heterozygosity was detected at 16p in 8 of 33 patients (24%) with corticotropin-independent macronodular adrenal hyperplasia. Whole-genome sequencing in five paired tumor and leukocyte DNA samples identified somatic mutations affecting the coding sequence of 85 genes and structural variants affecting the coding sequence of 12 genes (Tables S6, S7 , and S8 in the Supplementary Appendix). Only 1 gene, ARMC5, which maps to 16p11.2, was modified in more than one tumor sample; tumor samples obtained from three patients had a mutation. The somatic mutations of ARMC5 included two frameshift mutations and one missense mutation. These mutations were confirmed by means of Sanger sequencing. Direct sequencing of tumor DNA identified ARMC5 mutations in 18 of the 33 patients (55%). A total of 26 tumor specimens obtained from these 18 patients were analyzed. All tumors tested had 2 genetic alterations in the ARMC5 locus: 2 mutations in 16 specimens, 1 mutation with loss of heterozygosity at 16p (loss of the ARMC5 nonmutated allele) in 9 specimens, and 1 mutation plus a microdeletion (1.3 Mb) in 1 specimen (Fig. 2A) . The 28 mutations identified included 6 nonsense, 10 frameshift, 8 missense, and 4 more complex mutations (Fig. S4 in the Supplementary Appendix). None of these mutations were detected in the 186 control leukocyte DNA samples that were sequenced in the laboratory or in several thousand other controls from the exome variant server, hosted by the National Heart, Lung, and Blood Institute (http://evs.gs.washington.edu/EVS), with the exception of the p.R267X mutation, which was detected in 1 of 6297 controls (Table S9 in the Supplementary Appendix). Western blot analysis showed that the level of ARMC5 protein was decreased in the majority of patients with corticotropin-independent macronodular adrenal hyperplasia who had an ARMC5 mutation, and especially in those with nonsense mutations leading to a premature stop codon combined with a somatic loss of the nonmutated allele (Fig. 2B) .
ARMC5 was analyzed in leukocyte DNA obtained from 14 of the 18 patients with ARMC5 mutations. A germline ARMC5 alteration was detected in all 14 patients: a mutation in 13 patients and a microdeletion (1.3 Mb) in 1 patient ( Fig. 2A, and Fig. S5 in the Supplementary Appendix). This observation suggests that ARMC5 might be a tumor-suppressor gene that leads to the development of a tumor when a primary inactivating alteration on one allele in the germline is present and a somatic secondary event affecting the second allele occurs. This could be directly observed by sequencing for two nodules obtained from 2 patients with two ARMC5 mutations close enough to be amplified together; the sequences of the PCR products from these two nodules showed that the two mutations were present on two different alleles (Fig. S6 in the Supplementary Appendix).
In four patients with an ARMC5 germline mutation, two or more nodules from one or both adrenal glands were analyzed. In each case, the same germline ARMC5 mutation was associated with different, nodule-specific, somatic ARMC5 alterations ( Fig. 2A and 3 ). This observation suggests that in addition to the germline inactivating mutation, there were different somatic ARMC5 second hits in the two adrenals of each patient, one for each nodule. In contrast, in the internodular regions in four other patients with corticotropin-independent macronodular adrenal hyperplasia, no somatic second hit could be detected; only the germline ARMC5 mutation was observed (Fig. S7 in the Supplementary Appendix).
Familial screening for ARMC5 mutations was subsequently performed in 11 first-degree relatives of 7 index patients. None of these relatives had known Cushing's syndrome or any known adrenal tumor. A germline ARMC5 alteration was detected in 6 of the 11 relatives, who were younger siblings or children of the index patients. Subsequent CT scanning revealed adrenal nodular hyperplasia with bilateral nodules ranging from 8 mm to 2.5 cm in 5 of these 6 relatives. Abnormal responses to dexamethasone were observed in 3 of the 6 relatives, and an increased 24-hour urinary cortisol excretion was detected in 1. There were no abnormalities in adrenal secretion or CT studies in any of the 5 relatives with nonmutated ARMC5 alleles.
Transcriptome Analysis
The function of ARMC5 is not known. To assess the functional consequences of ARMC5 inactivation, we analyzed the transcriptome of 10 tumor specimens obtained from patients with corticotropinindependent macronodular adrenal hyperplasia (5 with ARMC5 mutations and 5 with nonmutated ARMC5). Sorting of these tumors without awareness of their mutation status (unsupervised hierarchical clustering) resulted in two distinct groups: one containing the 5 mutated tumors and the other containing the 5 nonmutated tumors (P = 0.008 by Fisher's exact test) (Fig. S8 in the Supplementary Appendix). Several hundred genes are differentially expressed between the two groups. The transcriptome of mutated tumors was significantly enriched in genes related to RNA processing (Tables S10 and S11 in the Supplementary Appendix). This clearly indicates that ARMC5 mutations have a large effect on gene expression and identify a subgroup of patients with corticotropinindependent macronodular adrenal hyperplasia. 
Immunohistochemical Analysis and Cell Culture and Transfection
Immunohistochemical analysis of adrenal samples and two cell lines (H295R and HeLa) showed that ARMC5 is mostly located in the cytoplasm (Fig. S9 in the Supplementary Appendix). In patients with corticotropin-independent macronodular adrenal hyperplasia and an ARMC5 nonsense mutation, a decreased level of ARMC5 and steroidogenic enzyme CYP11A1 immunostaining were observed, findings that are consistent with the reduced expression of steroidogenic enzymes in the transcriptome (Table S11 in the Supplementary Appendix).
We investigated the role of ARMC5 in steroidogenesis in vitro. ARMC5 inactivation by siRNA in the H295R cell line reduced messenger RNA (mRNA) levels of genes encoding steroidogenic enzymes CYP17A1 and CYP21A2 and reduced mRNA levels of the gene encoding adrenal transcription factor NR5A1 (also called steroidogenic factor 1) and the melanocortin 2 receptor MC2R (Fig. 4A) . In contrast, ARMC5 inactivation had no effect on the mRNA level of the gene encoding transcription factor NR0B1 (DAX-1). Cortisol synthesis was reduced in H295R cells after ARMC5 inactivation (Fig. 4B) .
We next studied the role of ARMC5 in cell survival. In transient transfection experiments, the expression of nonmutated ARMC5 in H295R and HeLa cells resulted in cell death. No viable transfected cells could be detected after 14 hours, as shown by costaining of cleaved caspase 3 and ARMC5-FLAG (Fig. 4C, and Fig. S10 in the Supplementary Appendix). Moreover, apoptosis was confirmed by the cleavage of two markers of apoptosis: poly(ADP-ribose) polymerase and lamin A and C (Fig. S11 in the Supplementary Appendix) . In contrast, this effect was not observed with the two germline missense mutations p.R898W and p.L548P (Fig. 4C, and Fig. S10 and S11 in the Supplementary Appendix).
Discussion
The detection of ARMC5 mutations in more than half the patients in this series who underwent surgery for corticotropin-independent macro nodular adrenal hyperplasia suggests a common genetic cause of the condition. A combined genomic approach showed that ARMC5 genetic alterations conform to the two-hit model for a likely tumorsuppressor gene. Indeed, patients with a germline ARMC5-inactivating mutation had nodulespecific secondary somatic mutations inactivating ARMC5. The occurrence of various somatic mutations within a single adrenal suggests polyclonal with reduced expression of steroidogenic enzymes and MC2R and abnormal cortisol production; these findings are consistent with previous expression-profile studies. 25, 26 In our patients, the weight of the adrenals in patients in whom ARMC5 was mutated was 4 to 24 times that of a normal adrenal. It is therefore likely that, despite the reduced secretory capacity of each cell, the overall production of cortisol was increased because of the large adrenal mass. This phenomenon may largely explain why a severe form of clinical Cushing's syndrome develops only in patients with very large adrenal nodules and why the disease often has an insidious course. Most patients with an ARMC5 mutation who were evaluated for aberrant membrane-receptor expression had positive upright and metoclopramide tests. 27 In contrast, the three patients in this cohort and three additional index patients with a food-dependent Cushing's syndrome, which is characterized by aberrant adrenal sensitivity to gastric inhibitory polypeptide, 4,7 did not have any ARMC5 mutations (Table S1 in the Supplementary Appendix) . Thus, ARMC5 inactivation may be associated with a particular type of aberrant receptor expression. Furthermore, ARMC5 mutations were associated with a specific transcriptome profile in the adrenal nodules.
As noted above, the function of ARMC5 is unknown. It encodes a protein that contains an armadillo repeat domain, suggesting that proteinprotein interactions may be important for its function. β-catenin, which also contains armadillo repeats, is another gene that is frequently mutated in various cancers, including adrenocortical tumors. 28 The present study also shows that corticotropinindependent macronodular adrenal hyperplasia is frequently genetic. A limitation of previous studies that were based on clinical screening may be the substantial variation in disease severity both within a given pedigree and among index case patients. For example, the siblings of two of the index patients in the present series had a severe form of adrenal Cushing's syndrome, but most relatives of the seven other index patients with an ARMC5 mutation who agreed to be evaluated had adrenal nodules either without Cushing's syndrome or with only subclinical evidence of it. The slow progression of the disease and the advanced age at diagnosis make it difficult to study older generations in the families of index patients. In the current study, we were unable to evaluate any older relatives of the patients in whom mutations were identified. We speculate that mortality among some of the older relatives who were not examined may have been affected by cardiometabolic consequences of undiagnosed Cushing's syndrome. An alternative hypothesis is that secondary genetic or environmental factors might modulate the effects of germline ARMC5 mutations. Such genetic secondary factors have been observed in another form of bilateral adrenal tumors leading to Cushing's syndrome (primary pigmented nodular adrenocortical disease) in patients with Carney complex due to PRKAR1A mutations. 29 In conclusion, we identified ARMC5 mutations in a substantial proportion of patients with corticotropin-independent macronodular adrenal hyperplasia. In affected patients, recovery from the effects of excess cortisol after definitive therapy for Cushing's syndrome is often only partial because of years of exposure to increased cortisol levels. This study provides information that may be helpful in developing diagnostic tests that will lead to earlier diagnosis and management of this disease. 
